The peroxins Pex19 and Pex3 play an indispensable role in peroxisomal membrane protein (PMP) biogenesis, peroxisome division, and inheritance. Pex19 plays multiple roles in these processes, but how these functions relate to the structural organization of the Pex19 domains is unresolved. To this end, using deletion mutants, we mapped the Pex19 regions required for peroxisome biogenesis in the yeast Pichia pastoris. Surprisingly, import-competent peroxisomes still formed when Pex19 domains previously believed to be required for biogenesis were deleted, although the peroxisome size was larger than that in wild-type cells. Moreover, these mutants exhibited a delay of 14 -24 h in peroxisome biogenesis. The shortest functional N-terminal (NTCs) and C-terminal constructs (CTCs) were Pex19 (aa 1-150) and Pex19 (aa 89 -300), respectively. Deletions of the N-terminal Pex3-binding site disrupted the direct interactions of Pex19 with Pex3, but preserved interactions with a membrane peroxisomal targeting signal (mPTS)-containing PMP, Pex10. In contrast, deletion of the C-terminal mPTSbinding domain of Pex19 disrupted its interaction with Pex10 while leaving the Pex19-Pex3 interactions intact. However, Pex11 and Pex25 retained their interactions with both Nand C-terminal deletion mutants. NTC-CTC co-expression improved growth and reversed the larger-than-normal peroxisome size observed with the single deletions. Pex25 was critical for peroxisome formation with the CTC variants, and its overexpression enhanced their interactions with Pex3 and aided the growth of both NTC and CTC Pex19 variants. In conclusion, physical segregation of the Pex3-and PMP-binding domains of Pex19 has provided novel insights into the modular architecture of Pex19. We define the minimum region of Pex19 required for peroxisome biogenesis and a unique role for Pex25 in this process.
Peroxisomes are single membrane-enclosed organelles that are vital in the maintenance of cellular metabolic homeostasis (1) . In response to the metabolic needs of the cell, peroxisomes can alter their enzyme content and modulate their number and size (2) . Proteins involved in peroxisome assembly, division, and inheritance are known as peroxins and encoded by PEX genes. Over a dozen peroxins conserved from yeasts to mammals are essential for normal human development (3) . A failure in peroxisome biogenesis can have detrimental, even lethal consequences in humans as exemplified by the Zellweger syndrome spectrum, a series of genetic disorders leading to craniofacial and ocular abnormalities (4) . Future improvements in the quality of life for those affected by peroxisomal metabolism defects rely on a more thorough understanding of peroxisome biogenesis, turnover, and homeostasis.
Peroxisomes are replenished by growth and division of preexisting peroxisomes (5, 6) and are also formed de novo from the endoplasmic reticulum (ER) 3 (7, 8) . Peroxins Pex3 and Pex19 are essential for both processes, because in their absence, mature peroxisomes are not formed (9 -12) . Pex19 is a hydrophilic and acidic protein with an intrinsically disordered region and characteristic N-and C-terminal domains (13, 14) . Although a predominant amount of Pex19 is cytosolic, a small but significant portion is also associated with the peroxisome membrane through the farnesylation of its C-terminal end and association with Pex3 (15, 16) . The C-terminal domain of Pex19 (aa ϳ160 -300) participates in the recognition and binding of putative membrane peroxisomal targeting signal (mPTS) motifs on peroxisomal membrane proteins (PMPs) (17) (18) (19) . Currently, many mPTSs have been identified, and it is clear that these signals show significant variability regarding their length and sequence (20) . The N-terminal region of Pex19 (aa 1-44) contains a high-affinity Pex3-binding site (17, (21) (22) (23) .
Different models of peroxisome biogenesis ascribe Pex3 and Pex19 with different biological roles. In the growth and division model, it has been suggested that Pex19 functions as a chaperone protein that post-translationally shuttles cytoplasmic mPTS-containing cargoes to the peroxisomal membrane (9, 22, 24, 25) . In this scenario, the N-terminal domain of Pex19 is anchored to the peroxisomal membrane by its interaction with Pex3, while inserting other PMPs bound to the C-terminal part of Pex19 into the peroxisomal membrane (22) . Consistent with its chaperone function, PMPs synthesized in the absence of Pex19 form aggregates during translation (26) . Pex19 also plays an important part in delivering the tail-anchored (TA) proteins to the peroxisomal membrane, through Pex3 (27, 28) . Recently, a unique structural region of Pex19 was identified that is critical for TA protein insertion (28) . Mutants that affect the interaction of Pex3 and Pex19 mostly have a negative impact on peroxisome biogenesis (13, 18, 19) . Thus the interactions of Pex19 with the mPTSs of PMPs and with Pex3 are critical for peroxisome biogenesis (29) . In addition, during de novo peroxisome biogenesis, roles for Pex3 and Pex19 are well demonstrated in the intra-ER sorting and budding of pre-peroxisomal vesicles (ppVs) from the ER (11, 30 -32) . Additionally, Pex19 is necessary for proper inheritance of peroxisomes between the dividing cells (33) and it is also involved in peroxisome division by virtue of its association with the organelle division machinery (34, 35) . These observations point to Pex3 and Pex19 as versatile, multifunctional proteins.
The multiple roles of Pex19 raise the question as to how these functions correlate with the structural organization of the domains of this protein. In this study, we have identified the critical regions of Pex19 required for peroxisome biogenesis by segregating its N-and C-terminal domains. Several different constructions of the N-or C-terminal domains of Pex19 were expressed in Pichia pastoris and analyzed by fluorescence microscopy and biochemical studies to characterize their individual contributions in promoting peroxisome biogenesis and proper PMP localization. The physical segregation of the Pex3-and mPTS-binding domains of Pex19 has provided novel insights into the role of Pex19. Our findings demonstrate novel functions of Pex25 in peroxisome biogenesis and successfully integrate the classical role of Pex25 in promoting cell growth by regulating peroxisome size and number.
Results

Construction of Pex19 N-and C-terminal deletion
To study the essential structural domains of Pex19 necessary for supporting peroxisome biogenesis, we created several Nand C-terminal deletion constructs. To achieve proper folding, the length of the constructs was determined using several open source domain prediction tools (DomPred, DoBo, DOMpro, and Globplot 2) (36 -39) . The N-terminal constructs (defined as Pex19 variants with deletions from the C terminus), are termed NTCs, and the C-terminal constructs (Pex19 variants with deletions from the N terminus), are termed CTCs. All Pex19 constructs were expressed from the inducible alcohol oxidase promoter (P AOX ) in pex19⌬ cells. FLAG and c-myc tags were attached to all the CTCs and NTCs, respectively. The bidirectional deletions that preserved the central domains had the c-myc tag at the N-terminal end (Fig. 1A) . The start (ATG) and stop codons (TAA) were present at the 5Ј and the 3Ј ends of the PEX19 ORFs for all constructs (Fig. 1A) . Full-length Pex19 with an N-terminal c-myc tag and another one with a C-terminal FLAG tag were used as wild-type (WT) controls.
Growth of pex19 deletion mutants under peroxisome proliferation conditions
P. pastoris is a methylotropic yeast that utilizes methanol as a sole carbon and energy source (1, 40) . Primarily localized to peroxisomes, alcohol oxidase catalyzes a series of reductionoxidation reactions in which methanol and its subsequent derivatives are oxidized and energy is stored in the form of NADH (41) . Thus, under methanol conditions, to meet cellular growth and maintenance demands, peroxisomes proliferate to metabolize methanol. Mutants such as pex19⌬, which lack Pex19 completely and are deficient in peroxisome assembly, do not grow in methanol. For this reason, strains expressing various NTC and CTC variants of Pex19 were examined for their growth characteristics in methanol medium for up to 80 h. Fig.  1 , B and C, show the constructs used and the growth characteristics for only the Pex19 deletion mutants that supported peroxisome biogenesis in methanol medium, in comparison with the pex19⌬ control.
As expected, the pex19⌬ strain showed no significant growth in methanol medium. The WT PPY12 cells and the strains expressing full-length Pex19 with either c-myc or FLAG tags exhibited similar growth profiles and normal peroxisome size (Figs. 1C and 2, A and B), suggesting that the fusion of these tags to Pex19 did not affect its function. Strains expressing the Pex19 NTCs, Pex19(1-180), Pex19(1-177), Pex19(1-170), Pex19(1-160), and the CTCs Pex19(68 -300) and Pex19(89 -300) displayed logarithmic growth in methanol media after an initial lag of nearly 14 -24 h. However, the strain expressing the Pex19(1-150) showed a longer delay of nearly 30 h (Fig. 1C) . The bidirectional deletion mutants, Pex19(89 -230) and Pex19(89 -220), grew very poorly with more than a 40 -50-h delay (Table 1 ). This suggests that although specific regions in the N-and C-terminal domains of Pex19 are dispensable, a common central domain likely contains the minimum structural requirement for supporting peroxisome biogenesis. From these results, we identified Pex19(1-150) as containing the minimal region of Pex19 that supports peroxisome biogenesis. In addition, the longest constructs, Pex19(1-180) and Pex19(68 -300) grew better than other mutants, whereas the shortest construct, Pex19(1-150) was the slowest with more than a 30-h delay (Fig. 1C) . The common overlapping region between the functional Pex19 mutants was aa 89 -150 (Fig. 1B) , although this particular construct, Pex19(89 -150), was nonfunctional when expressed alone ( Table 1) .
Localization of PMPs in cells expressing Pex19 constructs under peroxisome proliferation conditions
We monitored peroxisome formation and the localization of PMPs in our Pex19 mutants for over 70 h under peroxisome proliferation conditions. Previously, we observed that Pex11-CFP was relocated to the de novo formed peroxisomes when the PEX19 gene was reintroduced and expressed from the inducible alcohol oxidase promoter in pex19⌬ cells (11) . In a similar manner, Pex19 deletion mutants were also co-expressed with Pex11-CFP and mCherry-Sec61, an ER-marker, in pex19⌬ cells. Pex11-CFP was expressed from the constitutive glyceraldehyde-3-phosphate dehydrogenase (P GAP ) promoter, whereas the mCherry-Sec61 was expressed from its endogenous promoter.
Under peroxisome proliferation conditions, in pex19⌬ cells expressing the full-length Pex19 with either c-myc or FLAG tag, peroxisomes appeared within 4 h as characteristic punctate A, all the deletion constructs were expressed from the inducible alcohol oxidase promoter (P AOX ) in pex19⌬ cells. The NTCs and the bidirectional deletion constructs each had an N-terminal c-myc tag, whereas the CTCs each had a C-terminal FLAG tag. All the constructs had a start (ATG) and a stop codon (TAA), at the beginning and end of the ORF, respectively. B, schematic representation of the functional Pex19 deletion constructs. All the functional deletion constructs have an overlap between aa 89 and 150. C, the pex19⌬ cells transformed with plasmids expressing specified deletion constructs from chromosomally-integrated plasmid DNA, were assayed for growth on methanol medium. Cells were grown overnight in YPD and ϳ0.1 A 600 /ml was further inoculated into methanol medium. Cell growth was measured at specific times. The experiment was repeated three times with similar results. P. pastoris PPY12 cells were used as WT control.
structures labeled with Pex11-CFP, depicting proper peroxisomal localization of this PMP (Fig. 2, A and B) . This also affirmed that the fusion of a c-myc or FLAG tag to Pex19 did not affect normal peroxisome formation. All the Pex19 constructs that supported growth on methanol medium also formed peroxisomes. However, the peroxisomes formation was delayed by nearly 14 -24 h and peroxisome size was remarkably larger as compared with that in WT cells (Figs. 2, C, D, and F) . In addition, as expected the peroxisomes formed in the NTC and CTC variants were import competent, as seen from the significant co-localization of GFP-SKL (an artificial peroxisomal matrix protein marker) and Pex3-RFP (Fig. 2G) . These large peroxisomal structures are reminiscent of a ⌬pex11 phenotype, suggesting that peroxisomal division may be impaired in these strains (42, 43) . However, strains expressing the other Pex19 deletion mutants did not grow in methanol medium, had no detectable peroxisomal structures, and appeared similar to the pex19⌬ cells (Fig. 2E ).
Co-expression of N-and C-terminal domains of Pex19 promotes peroxisome biogenesis
We identified six NTCs and eight CTCs that were non-functional and did not support peroxisome biogenesis (Table 1) . We investigated whether the pairwise co-expression of any two of these non-functional constructs would restore peroxisome biogenesis. We constructed strains co-expressing various combinations of N-and C-terminal constructs, and analyzed them for growth on methanol medium and observed the localization of Pex11-CFP. However, none of the combinations disrupting the central domain from aa 89 -150, including the two longest Nand C-terminal constructs (Pex19(1-140) with Pex19(101-300)), restored peroxisome biogenesis in these strains (Fig. 3A) .
The most pronounced growth advantage was observed when the C-terminal constructs were co-expressed with Pex19(1-177) (Fig. 3B ), although the growth was not completely restored to the same level seen for the WT cells. Notably, the onset of the exponential phase was less visibly affected, regardless of the combination of constructs. In addition, the delay in peroxisome formation was reduced to 9 -12 h as compared with 20 -28 h, and the size of peroxisomes was also restored very close to that of the WT cells (Fig. 3A) . Thus, by co-expressing the N-terminal Pex3-binding domain with the C-terminal mPTS-binding domain of Pex19, a synergistic effect on peroxisome biogenesis was observed, as long as the essential central domain between aa 89 and 150 was intact.
Characterizing the interactions of Pex19 domains with different PMPs
Previous studies on the role of Pex19 as a chaperone and co-receptor for PMP insertion into the peroxisome membrane suggested that Pex19 should simultaneously interact with Pex3 and insert the bound PMP in the peroxisomal membrane and thus, have non-overlapping binding sites for both Pex3 and PMPs.
To verify this, we analyzed the functional NTCs and CTCs for their interactions with Pex3 and other PMPs. Several coimmunoprecipitations (co-IP) were performed to determine whether the functional Pex19 constructs maintained interac- tions with Pex3, Pex10, and Pex11. Pex3 was chosen due to the proposed importance of Pex19-Pex3 interactions for peroxisome biogenesis, whereas Pex10 and Pex11 were chosen due to their different binding sites on Pex19; Pex11 is suggested to bind within the internal domain, between aa 135 and 150, whereas Pex10 binds at the C-terminal mPTS-binding domain, between aa 180 and 300 (26) . As expected, all three proteins were detected in the input and co-IP fractions in strains expressing WT c-myc or FLAGtagged Pex19, suggesting that these PMPs were present and interacted with Pex19 (Fig. 4) . The binding of Pex3 with the NTC mutants, Pex19(1-180) and Pex19(1-150), was preserved ( Fig. 4A) as expected, because aa 1-44 form a high-affinity Pex3-binding site (13, 44, 45) . However, both the functional C-terminal constructs, Pex19(68 -300) and Pex19(89 -300), were drastically reduced in their interactions with Pex3 to nearly undetectable levels (a very weak interaction was noted in a longer exposition of the film) (Fig. 4B ). Although this was Figure 2 . Fluorescence microscopy analysis of methanol-grown cells expressing the specified fluorescently-tagged proteins. All the constructs were expressed in the pex19⌬ cells. Cells were grown in YPD and switched during exponential phase to methanol medium. DIC, differential interference contrast. Scale bar, 2 m. A and B, localization of Pex11-CFP and Sec61-mCherry, the ER marker, in pex19⌬ cells expressing full-length Pex19 constructs at specified times. Pex11-CFP colocalized with the ER marker at 0 h only in the absence of Pex19, but it did not colocalize at 4 or 24 h as it was peroxisomal. C and D, absence of co-localization of Pex11-CFP with Sec61-mCherry in NTC and CTC variants capable of growing on methanol. Pex11-CFP is peroxisomal in these strains because the Pex19 constructs retain their ability to facilitate peroxisome biogenesis. E, co-localization of Pex11-CFP and mCherry-Sec61 in methanol-grown pex19⌬ cells after 24 h. F, larger than normal peroxisomes labeled with Pex11-CFP, relative to those in WT cells, in NTC and CTC variants competent to form peroxisomes. G, evidence of bona fide peroxisome formation in WT and specified NTC and CTC variants of Pex19, as judged by the colocalization of peroxisomal membrane marker, Pex3-RFP, and the peroxisomal matrix marker, GFP-SKL. Also shown is colocalization of Pex3-RFP and GFP-SKL in Pex19 variants. Pearson's correlation coefficients were calculated using the coloc2 plug-in for ImageJ, and the data are displayed as interquartile boxes and whisker plots. Pex3-RFP was expressed from the P AOX promoter, and GFP-SKL was expressed from the P GAP promoter.
expected, given that these constructs do not encompass the canonical Pex3-binding site of the Pex19, it was difficult to reconcile the growth of strains expressing these two CTCs in methanol and the presence of peroxisomes (Figs. 1C and 2D) with previous studies, which suggested that the interaction between Pex3 and Pex19 is critical for peroxisome biogenesis (10, 18, 23, 29, 31) . However, it is also suggestive of another parallel, perhaps redundant mechanism, which might compensate by anchoring these CTC variants of Pex19 with Pex3, albeit with a lower affinity (see later).
The interactions between Pex10 and the C-terminal constructs remained intact (Fig. 4D) ; however, the interaction with the NTC mutants, Pex19(1-180) and Pex19(1-150), was nearly abolished (Fig. 4C ). This observation further confirmed that the binding site for Pex10 in Pex19 was toward the C terminus of Pex19 (aa 180 -300). In contrast, Pex11 showed a strong interaction with both N-and C-terminal constructs (Fig. 4, E and F) . Together, these results show a clear segregation of various PMP-binding sites on Pex19 (Fig. 4G ).
Conditional requirement of Pex25 in peroxisome biogenesis
Previous studies have demonstrated that Pex25 plays an important role in peroxisome biogenesis by regulating peroxisome size and number (46 -48) . Although yeast cells lacking Pex25 alone are still capable of supporting peroxisome biogenesis, in the double deletion mutant, pex3⌬ pex25⌬, where peroxisomes are absent, the formation of new peroxisomes de novo occurred only upon the reintroduction of both Pex3 and Pex25 (47) . Based on these findings, it was suggested that ScPex25 participates in membrane elongation of existing peroxisomes and acts in concert with Pex3 at the ER to initiate de novo peroxisome biogenesis. We wondered if in P. pastoris the double mutants, pex3⌬ pex25⌬ and pex19⌬ pex25⌬, would also require the reintroduction of both Pex25 in addition to Pex3 or Pex19 for restoring de novo peroxisome biogenesis.
Contrary to studies in Saccharomyces cerevisiae, in P. pastoris, we discovered that for pex3⌬ pex25⌬, or pex19⌬ pex25⌬ cells, the reintroduction of Pex3 or Pex19 alone was capable of restoring peroxisome biogenesis. In pex3⌬ pex25⌬ cells, when Pex3-RFP was reintroduced by expression from the P AOX promoter (in methanol medium), peroxisome biogenesis was completely restored (Fig. 5C) . We employed the Pex11-CFP localization assay to visualize the formation of peroxisomes upon the reintroduction of Pex19. Pex19 initiated the proper localization of Pex11-CFP at the peroxisomal membrane within 12 h in methanol (Fig. 5A) . These results suggest that for P. pastoris, the absence of Pex25 alone is not sufficient to block de novo peroxisome formation.
We also evaluated the ability of functional N-and C-terminal constructs of Pex19 to support peroxisome biogenesis in pex19⌬ pex25⌬ cells. In the absence of Pex25, for all the NTC variants except the Pex19(1-150), Pex11-CFP was localized at the mature peroxisomal clusters (Fig. 5A) . Surprisingly, the CTC mutants failed to restore peroxisome biogenesis in the absence of Pex25. In these cells, Pex11-CFP was mislocalized along the peripheral ER (Fig. 5A) . These results were further confirmed for these deletion mutants with growth in methanol medium. The NTC, except for Pex19(1-150), but not the CTC, mutants rescued the growth of pex19⌬ pex25⌬ cells (Fig. 5B) . These results suggest that Pex25 is necessary for restoring peroxisome biogenesis in the CTC mutants, perhaps by restoring a Figure 3 . Fluorescence microscopy and growth analysis of P. pastoris strains co-expressing the specified NTC and CTC variants in pex19⌬ cells. Cells were grown in YPD and switched during exponential phase to methanol medium. A, fluorescence microscopy analysis of methanol-grown cells co-expressing the specified NTC and CTC variants. Pex11-CFP and Sec61-mCherry co-localized only at 0 h, when Pex19 was absent, but this co-location was lost as peroxisomes formed and Pex11-CFP became peroxisomal. Scale bar: 2 m. B, cells co-expressing the specified NTC and CTC variants were assayed for growth on methanol medium as described in the legend to Fig. 1B . The experiment was repeated three times with similar results.
weak interaction between Pex3 and the CTC mutants (see below), which lack the Pex3-binding site.
The Pex25-binding site on Pex19 is between amino acids 89 and 150
Pex25 interacts with Pex19 in yeast two-hybrid studies in S. cerevisiae (49) . In addition, using synthetic peptide scanning data, the binding site of Pex25 on Pex19 was predicted between aa 135 and 150 (49) . To establish the binding site of Pex25 on Pex19 in P. pastoris, we performed co-IPs with cells expressing the functional Pex19 constructs with an HA-tagged Pex25. Although the interaction with Pex19(1-150) was weak, Pex25 interacted strongly with Pex19(1-170) and Pex19(89 -300), suggesting that Pex25 interacts with Pex19 within aa 89 -150 (Fig. 6A) .
Overexpression of Pex25 provides a growth advantage for the N-and C-terminal constructs
The functional CTC mutants, Pex19 (68 -300) and Pex19(89 -300), are the most interesting because they support peroxisome biogenesis even without the high-affinity Pex3-binding site in the N-terminal domain of Pex19. This was not in agreement with the accepted dogma that proposes that the Pex3-Pex19 interaction is central to peroxisome biogenesis. Nonetheless, we detected a very weak interaction with Pex3 with these C-terminal constructs (long exposure in Fig. 4B ), 
Functional characterization of Pex19 domains
which could be an indirect interaction. We suspected that Pex25 might bridge the C-terminal constructs and Pex3. Supporting this idea was the observation that otherwise functional CTC mutants failed to restore peroxisome biogenesis without Pex25 (Fig. 5B) .
Thus, we overexpressed Pex25 in functional NTC and CTC mutants and analyzed the effects on peroxisome biogenesis. Pex25 was overexpressed from the constitutively active promoter, P GAP , and expressed as an HA fusion protein (2HA-Pex25), for all the following assays. Growth analyses of the mutants under peroxisome proliferation conditions confirmed that the overexpression of Pex25 promotes peroxisome biogenesis. For all functional NTCs and CTCs of Pex19 analyzed, the overexpression of Pex25 provided a distinct kinetic advantage for cellular growth in methanol medium (Fig. 6B) . The lag in cell growth during the exponential phase was visibly reduced and the maximum growth reached approached that for wildtype controls. These results are consistent with previous studies showing that overexpression of Pex25 promotes peroxisome biogenesis in oleate for S. cerevisiae (47) . The positive effect of Pex25 overexpression on the CTC variants, which lack the Pex3-binding site, could be due to increased binding between Pex3 and Pex19; however, the reason for the growth advantage on the NTC variants was not apparent. A plausible explanation could be that the binding of the functional NTC variants (1-177 and 1-150) with the PMPs binding toward the C terminus of Pex19 was restored when Pex25 was overexpressed. Thus, we investigated the binding of both various PMPs and Pex3 to NTC and CTC variants, respectively, upon Pex25 overexpression.
Pex25 strengthens Pex19 and specific PMP interactions to promote peroxisome biogenesis
First, we investigated whether the levels of Pex25 affected the Pex19-Pex3 interaction in the absence of the N-terminal Pex3-binding domain in Pex19. We also included the NTC Pex19(1-180) for these studies to determine whether this novel function of Pex25 was active only when the direct Pex19-Pex3 interaction is compromised. For these studies, individual interactions between Pex3 and mutants Pex19(1-180) and Pex19(68 -300) were analyzed when Pex25 was either absent (pex25⌬), or overexpressed (P GAP -2HA-Pex25) or at the endogenous levels (Fig. 6C) .
The levels of expression of the Pex19 variants in the input and their ability to be immunoprecipitated was relatively constant (Figs. 6C and 7A ). Co-IP results revealed that in the absence of Pex25, in the CTC variant Pex19(68 -300), a negligible amount of Pex3 was detected in the eluate (Fig. 6C) , suggesting the absence of a significant Pex3 interaction, as noted earlier. When Pex25 was endogenously expressed with Pex19(68 -300), a very weak interaction was detected. However, upon the overexpression of Pex25, the level of Pex3 interaction was visibly increased (Fig. 6, C and F) . As expected, the interaction of Pex3 with Pex19(1-180) was relatively constant . Note that only one NTC (aa 1-150) and two CTC variants (aa 68 -300 and aa 89 -300 of Pex19) expressing Pex11-CFP did not show punctate, peroxisome-like structures. B, methanol-grown pex19⌬ pex25⌬ cells expressing constructs described in A were assayed for growth in methanol. Note that only those Pex19 variants that failed to localize Pex11-CFP to punctate peroxisomes in A failed to grow in methanol. The experiment was repeated three times with similar results. C, localization of Pex3-RFP, expressed from the inducible P AOX promoter, to punctate, peroxisome-like structures in methanol-grown pex3⌬ pex25⌬ cells. Cells were grown in YPD and switched during exponential phase to methanol medium. ( Fig. 6F) , as seen for WT Pex19, irrespective of Pex25 expression levels, suggesting that when the N-terminal Pex3-binding site in Pex19 is intact, the indirect binding of Pex3 to Pex19 via Pex25 is masked.
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To further confirm the interaction of Pex25 with the CTC variant Pex19(68 -300) or Pex3, we used a yeast two-hybrid assay. First, Pex3 and the full-length Pex19 or Pex19(68 -300) were fused to GAL4-binding domain (BD) and activation domain (AD), respectively. Only cells co-transformed with BDPex3 and AD-full-length Pex19 survived in the His-and His-(3AT) selection plates (Fig. 6D) , indicating their direct interaction. As expected, Pex19(68 -300) failed to interact with Pex3 because this variant lacked the complete Pex3-binding domain (⌬1-67). We also tested if Pex19(68 -300) could still bind to Pex25. Consistent with our co-IP data as shown above (Fig. 6A) , Pex19(68 -300) retained a robust interaction with Pex25, comparable with that seen between the full-length Pex19 and Pex25 (Fig. 6E) . Pex25 also manifested a moderate interaction with Pex3 (Fig. 6E) , consistent with the co-IP experiments (Fig. 6C) , confirming that it bridges the Pex3 association with Pex19(68 -300) (Fig. 7C) .
Additionally, we investigated whether Pex25 also strengthens the compromised Pex19 interaction with the PMPs that interact normally with the C-terminal region of Pex19. The interactions of the NTC variants with Pex2 in different Pex25 backgrounds were then analyzed. Interestingly, we found that the binding of Pex2 was indeed stronger for the NTC variants, but not the CTC mutants, when Pex25 was overexpressed (Fig.  7A ). This role of Pex25 in strengthening the interactions between the NTC variants, Pex19(1-180) and Pex19(1-177), and Pex2, explains why these Pex19 variants showed a significant advantage in growth with the overexpression of Pex25 (Fig.  7C ). In addition, we also found that the interactions of some of the NTC variants with Pex11 were stronger when Pex25 was overexpressed (Fig. 7B ).
Discussion
The crystal structure of Pex19 has identified a Pex3-binding domain (aa 1-44) at its N-terminal region and an mPTS-binding domain (ϳaa 160 -300) at its C-terminal region (17, 19, 21) . To understand the molecular mechanism of Pex19 function, we segregated and studied these two domains independently of each other using N-and C-terminal deletions of Pex19 in P. pastoris.
Interesting insights were obtained with the characterization of these Pex19 variants. First, several Pex19 variants restored peroxisome biogenesis in pex19⌬ cells and utilized methanol as a sole carbon source, but grew with a lag of 14 -24 h in methanol medium. Proper peroxisomal localization of Pex11-CFP (Fig.  2D ) and Pex3-RFP (Fig. 2G) was observed in cells lacking the N-terminal Pex3-binding domain of Pex19. However, the size of peroxisomes reintroduced by these variants was very large (Fig. 2F) . This was surprising because previous studies characterizing mammalian PEX19 deletions either in the N-or C-terminal domains showed a complete loss of interaction with different PMPs (26) and were unable to restore peroxisome biogenesis (18) . The minimum region of mammalian PEX19, which was able to restore peroxisome biogenesis, although with a reduced efficiency, in pex19⌬ cells was between aa 12 and 261 (full-length: aa 1-299) (18) . We believe that P. pastoris has redundant systems to back up the protein-protein interactions lost in those Pex19 deletions that still function in peroxisome biogenesis and have uncovered these in this study.
Second, the NTC variants that contain the minimum stretch of aa 1-150 restored peroxisome biogenesis, albeit with a lag of 14 -24 h after methanol induction. These variants lacked most of the mPTS-binding domain (ϳaa 160 -300) and were unable to retain interaction with Pex10, a PMP that is known to interact with the mPTS-binding region of Pex19 (aa 233-300 of P. pastoris) (17) . Previous studies have reported that the farnesylation of Pex19 at the C-terminal end is critical for matrix protein import (15, 16) and structural integrity of the protein (16) . Other reports also suggested an important role of Pex19 farnesylation in peroxisome inheritance (33, 50) and its interaction with various PMPs (51) . However, the role of Pex19 farnesylation is controversial because other studies show that Pex19 farnesylation is not essential for peroxisome biogenesis in mammalian, and also in yeast, cells (52) . Our results with the functional NTC variants demonstrates that the farnesylation is not important for restoring peroxisome biogenesis (Figs. 1C  and 2 , C and G) and are quite consistent with our earlier results showing dispensability of Pex19 farnesylation in P. pastoris (17) . Given the varying opinions on the role of Pex19 farnesylation in S. cerevisiae (15, 16, 51) , we cannot rule out that this role of Pex19 farnesylation in peroxisome biogenesis is slightly different in P. pastoris and mammalian cells.
Mammalian PEX19 is involved in the early events of PMP biogenesis, functioning as a chaperone for newly-synthesized PMPs (Type I) and targeting them to the peroxisomal membrane (9, 26) . PMPs form aggregates when translated in the absence of Pex19 (26, 53) . In this chaperone role, mammalian PEX3 functions as an anchor for PEX19 at the peroxisomal membrane and assists in the membrane insertion of PMPs (22, 24, 28, 29, 44) . To accomplish this function, PEX19 contains distinct and non-overlapping PEX3-and PMP-binding domains. Critical mutations (13) or deletions in the PEX3-binding domain of mammalian PEX19 (18, 19) result either in a non-functional protein or severely delayed peroxisome reintroduction (13) .
In view of these studies with domains of mammalian PEX19, our observations with the functional CTC variants of P. pastoris Pex19 were highly unexpected. These variants (⌬1-67 or ⌬1-88) lacked the complete Pex3-binding domain, and as expected, their interaction with Pex3 was nearly abolished (Fig.  4B ). However, they still supported peroxisome biogenesis ( Figs.  1 and 2 ), challenging the dogma that a direct interaction between Pex3-Pex19 is essential for peroxisome biogenesis. This is the first observation where Pex19 lacking the Pex3-binding site is capable of restoring peroxisome biogenesis in pex19⌬ cells. As discussed below, we uncovered a role for Pex25 in enabling these CTC variants to restore peroxisome biogenesis, by restoring their interaction with Pex3. In contrast to P. pastoris, mammalian cells likely lack such a mechanism, explaining why the N-terminal PEX3-binding site of mammalian PEX19 is essential.
The functional NTCs and CTCs of Pex19 contain the consensus central region between aa 89 and 150. Deletions from either end that encroach into this central domain resulted in a pex19⌬ phenotype. Interestingly, residues 89 -150 lie within an internally disordered region (13, 54) of Pex19, rather than within its Pex3-or the predicted mPTS-binding domains. A recent study in Neurospora crassa found certain amphipathic segments in Pex19 whose hydrophobicity is required for peroxisomal membrane insertion of TA proteins (28) . The amphipathic segment of Pex19 was not involved in its PMPchaperone activity or in Pex3 binding. Interestingly, this amphipathic segment aligns along aa 96 -107 with P. pastoris Pex19 and is present within the essential domain of aa 89 -150. Thus, the aa 89 -150 domain of Pex19 may also be involved in post-translational insertion of TA proteins into the peroxisomal membrane, but this hypothesis remains to be tested. We also paired and analyzed the various functional N-and C-terminal variants and found a synergistic effect in restoring the growth of cells in methanol and in suppressing the enlarged size of peroxisome phenotype but still not comparable with the properties of WT Pex19. These results point to a modular nature of Pex19 domains where the Pex3-binding domain and the mPTS-binding domains, although they have unique characteristics, work synergistically even when present, in trans, on different molecules.
It was intriguing to note that the NTC and CTC variants of Pex19 showed an initial lag in resuming exponential growth and displayed large peroxisomes. Previous studies with Pex19 have demonstrated its essential role in peroxisomal inheritance (33, 50) , division (34, 35) , and more recently, in the budding of ppVs from the ER (11, 30, 55) . Upon careful analysis we concluded that the inheritance process was not affected because every dividing cell showed a clear peroxisome signal in the bud. In some instances, peroxisomes were also observed to segregate between mother and daughter cells. Our recent study demonstrated that the interaction of Pex3 and Pex19 in P. pastoris is required for intra-ER sorting of the RING subcomplex proteins (31) . Proper sorting and budding of the RING subcomplex is critical for de novo peroxisome biogenesis (31, 56) . Although the functional CTC variants analyzed in this study have compromised interaction with Pex3 (Fig. 4B) , they still supported peroxisome biogenesis (Figs. 2 and 3) , thus further ruling out the possibility of a budding defect. In addition, we noted the import of the peroxisomal matrix protein marker, GFP-SKL, into the peroxisomal structures as soon as they appeared, in both functional NTC and CTC variants (Fig. 2G) , further excluding a defect in the peroxisomal matrix protein import pathway. However, the cells expressing the deletion constructs have enlarged peroxisomes and their growth was affected on methanol medium, suggesting a defect in peroxisome division. Previous studies have demonstrated that Pex19 is required for recruiting the components of the organelle division machinery on the peroxisomal membrane (34, 35) . From these observations, we conclude that the delay in growth and the enlarged size of peroxisomes are likely due to a defect in peroxisome division in both NTC and CTC variants.
Several studies in yeast have implicated Pex25, a member of Pex11-family of proteins, in peroxisome membrane elongation, division, and de novo biogenesis (46, 47) . In pex25⌬ cells there is a growth delay with reduced number of peroxisomes (often enlarged) per cell, but peroxisome biogenesis is still supported (47, 48) . However, Pex25 was reported in S. cerevisiae to be indispensable for restoring peroxisome biogenesis in pex3⌬ cells (47) . In contrast, we did not observe a similar requirement of Pex25 in restoring peroxisomes in pex3⌬ cells in P. pastoris (Fig. 5C ). Like the restoration of peroxisome biogenesis in pex3⌬ pex25⌬ cells by Pex3 expression, the pex19⌬ pex25⌬ cells regenerated peroxisomes when a WT copy of Pex19 was reintroduced (Fig. 5) . These results suggest that unlike S. cerevisiae, the Pex11 protein family has greater redundancy in P. pastoris. Thus, surprisingly, when the NTC or CTC variants were reintroduced in pex19⌬ pex25⌬ cells, instead of the full-length WT Pex19, only the NTC variants (except for the aa 1-150) were capable of supporting peroxisome biogenesis, as detected through proper Pex11-CFP localization in these strains (Fig. 5) . Because the CTC variants mainly differ in lacking the Pex3-binding, we presumed that Pex25 could be involved in enabling the CTC variants in establishing an indirect interaction with Pex3. In support of this concept, Pex25 binds Pex19 within the essential domain (aa 89 -150) (Fig. 6A ) and also interacts with Pex3 ( Fig. 6E) and thus was able to bridge the interaction between the CTC variants and Pex3 (Fig. 7C) . We also found that the binding of Pex2 to Pex19 was indeed stronger for the NTC variants lacking the PMP-binding site, when Pex25 was overexpressed (Fig. 7A) . These results explain why Pex25 overexpression stimulates growth of cells expressing Pex19 NTCs and CTCs, relative to strains expressing endogenous levels of Pex25 (Fig. 6B ).
Materials and methods
Cloning of N-and C-terminal deletion mutants
The coding sequence for the Pex19 constructs were amplified from a plasmid containing the PEX19 coding sequence. For NTCs, we used a forward primer that included the c-myc tag sequence in-frame with the PEX19 5Ј codon. The reverse primer was designed to bind to the 3Ј-region of the PEX19 coding sequence. The amplicon was subsequently cloned into plasmid pJCF230 between XhoI and SphI sites. For CTCs, genomic DNA from a strain expressing Pex19 with a FLAG tag was used. The forward primer was designed to bind the 5Ј-region of the PEX19 coding sequence, whereas the reverse primer was designed to bind within the AOX terminator that followed the FLAG sequence in the genomic DNA. The amplicon was subsequently cloned into plasmid pIB4 between XhoI and AgeI sites. The primers for the CTCs included a start codon in the forward primer, whereas the reverse primer for the NTCs contained a stop codon at the 3Ј end. The full-length Pex19 constructs either containing an N-terminal c-myc tag or a C-terminal FLAG tag were similarly constructed but were cloned into pIB4 plasmid between XhoI-AgeI sites.
Yeast strains and growth conditions
Yeast cells were grown at 30°C in YPD medium (1% yeast extract, 2% peptone, 2% glucose) for the preparation of S1 fractions to an OD 1.2-2.0 and were transferred to methanol medium (0.67% yeast nitrogen base (YNB) without amino acids, 0.02 g of L-histidine/liter, 0.02 g of L-arginine/liter, 0.1% yeast extract, 0.5% (v/v) methanol) for 6 h.
Fluorescence microscopy
Cells were grown on YPD and switched to methanol medium during the exponential phase. Images were captured using a Plan Apochromat ϫ100 1.40 NA oil immersion objective on a motorized fluorescence microscope (Axioskop 2 MOT plus; Carl Zeiss, Inc.) coupled to a monochrome digital camera (AxioCam MRm; Carl Zeiss, Inc.) and processed using AxioVision software (version 4.5; Carl Zeiss, Inc.).
Co-immunoprecipitations
Cells were grown on YPD to an A 600 of 1.0 -1.2 and switched to methanol media during exponential phase. A 150 A 600 sam-ple of methanol-grown cells were resuspended in 2 ml of immunoprecipitation lysis buffer (50 mM HEPES-NaOH, pH 7.4), 0.15 M NaCl, 1% CHAPS, 10% glycerol, 5 mM NaF, 1 mM PMSF, and yeast protease inhibitor mixture). Cells were lysed by vortexing with acid-washed glass beads 4 times for 1 min. Lysate was then solubilized for 1 h at 4°C with rotation with a preclearing step using 100 l of GammaBind G-Sepharose beads (GE Healthcare) prewashed in immunoprecipitation lysis buffer. The lysate was then centrifuged at 20,000 ϫ g for 10 min. A 1-ml amount of lysate was incubated with 10 l of anti-myc mouse monoclonal antibody overnight at 4°C. 100 l of GammaBind-G-Sepharose beads (GE Healthcare) (prewashed in immunoprecipitation lysis buffer) was added to the lysate and incubated for 1 h at 4°C. The beads were then washed three times with 2 ml of IP lysis buffer for 10 min each and eluted in 2ϫ SDS loading buffer with boiling for 5 min. Eluted protein was resolved by SDS-PAGE. 7.5 A 600 equivalents of the eluate and 0.2 A 600 equivalents of the input were then loaded and analyzed by Western blotting using the specified antibodies.
Yeast two-hybrid assay
The GAL4-based Matchmaker yeast two-hybrid system (Clontech Laboratories Inc.) was performed according to the standard user manual. PEX3 and PEX19 or its variants were cloned to pGBKT7 (BD) and pGADT7 (AD) vectors, respectively. PEX25 was cloned to each vector. The BD and AD plasmids were co-transformed into AH109 strains using SD (Leu-, Trp-) plates. Transformants were then plated on SD (Leu-, Trp-), SD (Leu-, Trp-, His-), and SD (Leu-, Trp-, His-) with 2 mM 3-amino-1,2,4-triazole, respectively. The strains were incubated at 30°C until visible colonies appeared. Two transformants from each strain were tested.
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